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Severe acute respiratory syndrome (SARS) was caused by a novel virus now known as SARS coronavirus 
(SARS-CoV). The discovery of SARS-CoV-like viruses in masked palm civets (Paguma larvata) raises the 
possibility that civets play a role in SARS-CoV transmission. To test the susceptibility of civets to experimental 
infection by different SARS-CoV isolates, 10 civets were inoculated with two human isolates of SARS-CoV, BJ01 
(with a 29-nucleotide deletion) and GZ01 (without the 29-nucleotide deletion). All inoculated animals dis- 
played clinical symptoms, such as fever, lethargy, and loss of aggressiveness, and the infection was confirmed 
by virus isolation, detection of viral genomic RNA, and serum-neutralizing antibodies. Our data show that 
civets were equally susceptible to SARS-CoV isolates GZ01 and BJ01. 


Severe acute respiratory syndrome (SARS) first appeared in 
Guangdong, China, in November 2002, and it subsequently 
spread to many parts of the world, making it the first major 
infectious disease outbreak of the 21st century (8, 13, 19). The 
etiological agent was a newly emerged and previously unrec- 
ognized coronavirus, now known as SARS coronavirus (SARS- 
CoV) (2, 3, 5-7, 12), which is classified within the order Nido- 
virales, family Coronaviridae, genus Coronavirus (9, 14, 15). 
Epidemiological data obtained from the early stage of the 
SARS outbreak suggest an animal origin for SARS-CoV, al- 
though the reservoir host has yet to be identified (11, 20-22). 
The isolation of SARS-CoV-like viruses in masked palm civets 
and the relationship of their genomic sequences with those of 
viruses isolated from humans (1, 4) raise the possibility that 
civets play a role in SARS-CoV transmission to the human 
population. A striking difference between the vast majority of 
SARS-CoV genomes from humans and those from civets is the 
presence in the latter of an additional 29-nucleotide (nt) se- 
quence 246 nt upstream of the start codon of the N gene. Only 
human SARS-CoV isolated from the earliest stage of the out- 
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break contains this same 29-nt additional sequence (1). In 
other words, most human SARS-CoV isolates had a 29-nt 
deletion in this region of the genome. Thus, while it is clear 
that SARS-CoV with and without the 29-nt deletion can rep- 
licate in humans, the influence of the 29-nt deletion on the 
capacity of the virus to replicate in civets has not been deter- 
mined. Here we show that civets are equally susceptible to 
experimental infection with two different human SARS-CoV 
isolates, one containing and the other lacking the 29-nt se- 
quence, and that all animals display clinical signs during the 
early stage of infection. 

SARS-CoV isolates GZ01 and BJO1 used in this study were 
originally isolated in Vero E6 cells at the Institute of Micro- 
biology and Epidemiology, Academy of Military Medical Sci- 
ences, Beijing, China, and were propagated in Vero E6 cells 
for two additional passages at our institute in Harbin to gen- 
erate virus stocks with titers of 10° 50% tissue culture infective 
doses (TCID,,)/ml. BJO1 has the 29-nt deletion found in most 
human SARS-CoV isolates, whereas GZ01 resembles the vi- 
ruses isolated from civets in that it does contain the 29-nt 
sequence (1, 4). 

To test the susceptibility of civets to SARS-CoV, 11 masked 
palm civets (Paguma larvata) were purchased from a farm in 
Hebei Province. All animals were approximately 1 year old, 
and none contained anti-SARS-CoV antibodies when tested by 
virus neutralization prior to the infection experiment. The an- 
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imals were observed in the laboratory for approximately 1 
month. No clinical signs were detected during the observation 
period, and no SARS-CoV-related RNA was detected in 
throat or anal swabs analyzed by reverse transcription-PCR 
(RT-PCR). Ten animals were each housed in separate bio- 
safety isolators and were divided into two groups (n = 5 per 
group). Animals in groups A and B were inoculated with 3 ml 
of virus solution containing 3 X 10° TCID., of GZ01 and BJO1 
isolates, respectively, with 2 ml given intratracheally and 1 ml 
given intranasally. A control civet was mock infected in an 
identical fashion with 3 ml of Vero E6 cell culture supernatant. 
Animal experiments were conducted in accordance with ani- 
mal ethics guidelines and approved protocols by the Harbin 
Veterinary Research Institute, Chinese Academy of Agricul- 
tural Sciences, and were carried out in an approved animal 
biosafety level 3 facility. 

The clinical signs of animals were checked daily. Throat 
swabs, anal swabs, and blood samples were taken on 0, 3, 8, 13, 
18, 23, 28, and 33 days postinfection (dpi) and were subjected 
to virus isolation and RT-PCR analysis. Blood samples were 
also subjected to leukocyte counting. One animal from each 
group was sacrificed on 3, 13, 23, 34, and 35 dpi. On the day of 
euthanasia, lung, heart, spleen, lymph node, kidney, and liver 
samples were taken from each animal and homogenized in 
phosphate-buffered saline (PBS) for virus isolation and RT- 
PCR analysis. Serum samples were also taken for virus neu- 
tralization analysis. 

From 3 dpi, all animals became lethargic and less aggressive. 
Febrile episodes commenced around 3 dpi, and temperatures 
remained elevated for up to 7 days in infected civets (Fig. 1A). 
Leucopenia was also observed, with white blood cell counts 
reaching a minimum at approximately 3 dpi and returning to 
normal from 13 dpi onwards. This trend was similar for animals 
in groups A and B (Fig. 1B). Two civets (nos. 14 and 8) in 
group A and one in group B developed diarrhea between 3 and 
14 dpi. Conjunctivitis was observed for one animal (no. 14) in 
group A and two (nos. 7 and 11) in group B. 

For histological examination, lung tissues were fixed in 10% 
neutral-buffered formalin, embedded in paraffin, and pro- 
cessed for routine histology. No gross pathological changes 
were found in necropsied animals. Histologically, interstitial 
pneumonia lesions were observed in both groups of animals on 
days 13 to 35 postinfection. The lesions were similar to those 
described for the SARS-CoV-infected macaques (3), but the 
absence of syncytia (Fig. 2A and B) resembled the observation 
made with experimentally infected ferrets (10). 

For virus isolation, collected samples were inoculated on 
Vero E6 cell monolayers in 96-well plates and passaged up to 
three times. For samples showing cytopathic effect (CPE), the 
presence of SARS-CoV was confirmed by electron microscopy 
and RT-PCR analysis. For RT-PCR analysis, viral RNA was 
isolated from swabs, serum, supernatants of homogenates, and 
tissue culture by using the QIAamp viral RNA Mini kit 
(QIAGEN). First-strand cDNA was made using random hex- 
amer primer and the RNA LA PCR (AMV) kit (TaKaRa), and 
it was subjected to amplification using a nested PCR. The first 
PCR was performed with primers VNUP (5’'GATAA TGGAC 
CCCAA TCAAA CCAA3’) and VNLOW (5'CTGAG TTG 
AA TCAGG AGAAG CTCC3’), and the second PCR was 
performed with primers N355UP (5’GAACT GGCCC AGA 
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FIG. 1. Clinical changes in civets after inoculation with SARS coro- 
navirus (SARS-CoV). (A) Daily average temperature of animals in 
groups A and B plotted together with the daily temperature of the 
control animal. Febrile episodes commenced around 3 dpi, and tem- 
peratures remained elevated for up to 7 days in infected civets. (B) 
White blood cell (WBC) counts measured on day 0 and at 3, 8, and 13 
dpi for the control animal and animals in groups A and B. For animals 
in groups A and B, the average counts are used in the plot. Leucopenia 
was observed, with white blood cell counts reaching a minimum at 
approximately 3 dpi and recovering to about normal levels from 13 dpi. 


AG CTTCA CT3’) and N355LOW (5'TTGGC CTTTA CCA 
GA AACTT TG3’). The size of the nested PCR product was 
355 bp. All PCR products were confirmed by nucleotide se- 
quencing. 

Results presented in Table 1 indicate that viral genome was 
detected by RT-PCR in throat and anal swabs from 3 to 18 dpi, 
live virus was isolated at 3 dpi from animals in both groups, and 
live virus was isolated at 8 dpi from animals in group A only 
(Table 1). Morphologically, the virus recovered was identical 
to that used for inoculation (data not shown). The detection 
frequency of virus in blood samples was very low, with only one 
animal (no. 4) in group A giving positive results for both virus 
isolation and RT-PCR at 3 dpi, and a second animal (no. 14) 
in group A showing positive RT-PCR for samples taken at 3, 8, 
and 13 dpi. In contrast, virus was readily detected up to 13 dpi 
in a variety of organs, including lung, liver, kidney, and heart 
(Table 2). Virus was still detected by RT-PCR at the end of the 
experiment (34 to 35 dpi) in lymph nodes and spleen. 
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FIG. 2. Pathological changes in civets after inoculation with SARS-CoV. Lung tissues were taken at 13 dpi from animal no. 5 of group A (A) 


and no. 7 of group B (B). Alveolar septa enlargement with macrophage and lymphocyte infiltration was evident in both animals. (C) Hematoxylin 
and eosin stain (magnification, X20) of lung tissue of the control animal showed no abnormal changes. 
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FIG. 2—Continued. 


For antibody detection, twofold dilutions of serum were 
tested in a microneutralization assay for the presence of anti- 
bodies that neutralized the infectivity of 200 TCID;, of SARS- 
CoV in Vero E6 cell monolayers, with 4 wells per dilution on 
a 96-well plate. The presence of CPE was read on days 3 and 
4, and neutralizing titers were determined from the dilution 
factor of serum that completely prevented CPE in 50% of the 
wells. Serum samples taken on the day of euthanasia were 
analyzed, and neutralizing antibodies were detected in samples 
taken from 13 dpi onwards, with the antibody titers varying 
from 20 at 13 dpi to 80 at 34 or 35 dpi (Table 2). 

Due to the limited number of civets that we could house in 


our biosafety isolators, we were not able to sample animals 
more frequently during the first few days of the infection, so we 
were unable to determine the peak of virus shedding during 
the experiment. However, the main focus of the present study 
was to test and compare the susceptibility of farmed civets to 
that of two different human SARS-CoV isolates. In that re- 
gard, our data conclusively show that civets are readily suscep- 
tible to experimental infection by SARS-CoV, and all infected 
animals developed clinical symptoms and produced both viro- 
logical and serological evidence of infection with the two dif- 
ferent virus isolates used in this study. The susceptibility and 
clinical symptoms observed also suggest that civets could be 


TABLE 1. Detection of SARS-CoV in throat swab (T), anal swab (A), and blood (B) by virus isolation and RT-PCR 


Detection at dpi*: 


Group ; 
(virus ay 0 3 8 1B 18 23 28 33 
ee . 
eae T A B T A B T A B T A B T A B T A B T A B T A B 
A(GZ01l) 6) -/— -/— -/— -/+ -/+ -/ 
5 / / / [+ -/+ -/ f= el. if / / / 
14 / / / [+ -/+ -/ I+ -/ /+ -/ / /+ -/ / / / / / 
4. -/— -/— -/— +/+ +/+ +/ [+ +/+ —/ / [+ -/ /+ -/+ —/ / / / / / / / / / 
3. -/— -/— -/— +/+ +/+ -/— +/+ +/+ -/ / / /+ -/ / / / / / / / / / / 
B(BJOL) «13. -/= -/= -/— = /+ 4/4 -/ 
7 -/- -/- -/- ND? ND ND -/- -/- -/- -/- -/- -/ 
11 / / [= Ae Spe a} [+ [+ —} / I+ -/ jf eae’ | / / / / 
10 / / [= He AP aL [+ —[+ -/ if [+ =} [fb of =|} / / / / / / / / / 
8 / / / (bof [> —[+ / I+ -/ fae / / / / / / / / / / 


“ Virus isolation/RT-PCR results are depicted. +/+ indicates positive for both virus isolation and PCR, whereas —/+ means that particular specimen gave positive 


PCR signals but virus isolation was negative. 
© ND, not determined. 


ALISHAAINN ALVLS NVDIHOIW Aq SLoz ‘62 Ye UO /Bio"wse"IAl//:dyY Wo. papeojuMmog 


2624 NOTES J. VIROL. 
TABLE 2. Detection of neutralizing antibodies in serum and SARS-CoV in postmortem tissues 
Group Animal Time of Neutralizing Detection in postmortem tissues® 
(virus isolate) no. euthanasia (dpi) antibody titer® Lung Heart Spleen Lymph node Kidney Tver 
A (GZ01) 6 3 ND? +/+ / / +/+ tel ae +/+ 
5 13 20 / /+ / —/ND =/= == 
14 23 80 / / / =a => a 
4 34 40 / / /+ —/+ -/- -/- 
3 35 40 / / i —/+ —/- —/- 
B (BJ01) 13 3 <10 +/+ +/+ +/+ +/+ +/ +/ 
7 13 20 / / /+ =e / / 
11 23 80 / f /4 =/+ == a 
10 34 80 / / /+ = [ee =/= =/= 
8 35 80 / / / = [ee =/(= =/= 


All animals were tested prior to inoculation, and none of the animal had neutralizing antibodies to SARS-CoV in their prebleed sera. 


®ND, not determined. 


© Virus isolation/RT-PCR results are depicted. +/+ indicates positive for both virus isolation and PCR, whereas —/+ means that particular tissue gave positive PCR 


signals but virus isolation was negative. 


another useful animal model for development of vaccines and 
antiviral drugs against SARS. 

One interesting finding is that infection by isolate BJO1 
seemed to result in higher average body temperature (Fig. 1A) 
and induced a slightly stronger antibody response (Table 2). 
However, because of the relatively small number of animals 
used in each group, future experiments will be required to 
confirm these differences. 

Another observation which warrants further study is the 
detection of viral genomic RNA in spleen and lymph nodes up 
to 34 and 35 dpi (Table 2). Whether these tissues are able to 
support persistent infection of SARS-CoV in civets remains to 
be investigated. Once we have access to a larger PC3 or PC4 
facility which allows cohousing of civets, further experiments 
need to be carried out to assess other important issues, includ- 
ing virus shedding and interanimal transmission either by con- 
tact or aerosol. 

In addition to civets, experimental infection of SARS-CoV 
has also been demonstrated in monkeys, ferrets, cats, mice, 
and pigs (3, 10, 16, 17, 18). It should be noted that different 
SARS-CoV isolates were used by each of the groups. It is 
therefore not clear at this stage whether one particular animal 
would be better than others as a model for SARS-CoV. These 
studies, however, do demonstrate the diverse range of mam- 
malian species that are susceptible to experimental infection by 
SARS-CoV. In a previous study of wildlife animals in a market, 
it was shown that Chinese ferret badgers (Melogale moschata) 
and raccoon dogs (Nyctereutes procyonoides) could also be in- 
fected with SARS-CoV (4). Altogether, there are now at least 
eight different animal species known to be susceptible to 
SARS-CoV infection. This undoubtedly poses a formidable 
challenge for any future investigation into the origin of SARS- 
CoV. 

In summary, our present study demonstrated equal suscep- 
tibility of farmed civets to infection by two different human 
SARS-CoV isolates under experimental conditions, and all 
animals displayed clinical signs of infection. Our results sup- 
port the notion that civets may play an important role for 
transmission of SARS-CoV from animals to humans. How- 
ever, further field study of wild civets is required to assess 
whether civets are a natural reservoir host of SARS-CoV. 
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